Cassava resistance to Bemisia tabaci is a result of many plant processes which involve plant biochemical constituents, shown to be affected by genotype and environment. The objective of this study was to assess the effect of genotype × environment interactions on concentrations of tannin, flavonoid, total phenolic content, antioxidative capacity and B. tabaci resistance. Fifteen cassava genotypes were evaluated monthly for tannin, flavonoid, total phenolic content and antioxidative capacity in three locations over two seasons with varying temperatures and rainfall. In addition, data were collected on B. tabaci population density and damage. The data collected was subjected to analysis of variance and additive main effects and multiplicative interactions (AMMI) analyses. Flavonoid, total phenolic content and antioxidative capacity varied significantly (P < 0.001) across seasons with higher concentrations in season one than season two, attributed to different temperature and rainfall readings. Total phenolic content was significantly (P < 0.001) associated to antioxidative capacity (r = 0.83) and temperature (r = 0.91). Leaf damage due to adult whitefly and nymphs was significantly (P < 0.001) negatively correlated (r = -0.67) to antioxidative capacity. Genotypes UG 120257, UG 120291 and UG 120124 were shown to have high antioxidative capacity and more stable performance across environments. Temperature and B. tabaci feeding influenced concentrations of the phenolic content and antioxidative activity, as a result affected cassava resistance.
Introduction
Cassava (Manihot esculenta Crantz), one of the most important food root crops in Uganda is cultivated over an area of 852,000 ha but has relatively low average productivity (FAO, 2017) . Insect pests and environmental factors are major contributors to low cassava production (Nweke, 2009) . Insect species for instance Bemisia tabaci, cause direct damage (Bellotti & Arias, 2001) , act as vectors of African cassava mosaic disease (ACMD) (CIAT, 2005) and have been reported to adversely affect cassava yields by 79% (CIAT, 2011) . The combinations of insects and environmental factors in natural environments, severely affect plants such as cassava (Kloth, Thoen, Bouwmeester, Jongsma, & Dicke, 2012) . Bemisia tabaci infestation (War et al., 2012) , temperature and moisture stress (Pandey, Irulappan, Bagavathiannan, & Senthil-Kumar, 2017 ) result in biochemical and physiological plant defensive mechanisms (Kant et al., 2015) . The processes lead to alteration in metabolite pool of affected plants (Ncube, Finnie, & Van Staden, 2012) sometimes causing a negative impact on plant insect interactions (Jamieson et al., 2017) , lower plant fitness and affect total cassava starch yields of up to 100% (Nuwamanya et al., 2014) . Some studies have reported the complexity of plant responses to combinations of attacks making it impossible to directly infer from pairwise plant-insect interactions (Barah & Bones, 2017) .
The effects of rapidly accelerating environmental changes on local and global scales (Ballhorn et al., 2011) affect plant insect interactions (Jamieson et al., 2017) . The simultaneous occurrence of pests and other environmental stresses can either impose a negative (susceptibility) or positive (tolerance) effect on plants depending on the stress, pathogen (Rejeb, Pastor, & Mauch-Mani, 2014) , crop and duration of each stress affecting the plant (Ramegowda & Senthil-Kumar, 2015) . However, plants have co-evolved with the environment and developed an array of resistance mechanisms to prevent insect attacks (Kempema, Cui, Holzer, & Walling, 2007) and maintain growth in stressful climatic conditions (Hasanuzzaman, Nahar, & Fujita, 2009 ).
Biotic stresses (including Bemisia tabaci feeding) (War et al., 2012) and abiotic factors specifically varying temperature and moisture trigger multiple biochemical products; protein (Kimmins et al., 2005) , phenolics (Fürstenberg-hägg, Zagrobelny, & Bak, 2013) , antioxidants (Fürstenberg-hägg et al., 2013) , jasmonic acid/ethylene and peroxidase (Nuwamanya et al., 2014; Pandey et al., 2017) , based on various pathways. This is due to plants incorporating a variety of environmental signals into their developmental pathways that provide for their wide range of adaptive capacities over time (Fürstenberg-hägg et al., 2013) . However, the changes in metabolite concentration do not always occur in predictable ways (Moore, Andrew, Külheim, & Foley, 2014) . Little is known about the phenotypic plasticity of these biochemicals in nature (Ballhorn et al., 2011) and the effect on plant insect interactions (Bohorquez, Tohme, Parsa, & López-lavalle, 2001 ), suggesting that a consideration of environmental factors as well as plant insect herbivory over a substantial period of time is vital in understanding plant insect resistance.
Phenolics, in particular, tannins and flavonoids are among many secondary metabolites reported to be initiated through leaf injury by B. tabaci eventually affecting resistance to B. tabaci (Fürstenberg-hägg et al., 2013; Sulistyo & Inayati, 2016) . Changes in phenolic concentrations (Zobayed, Afreen, Goto, & Kozai, 2006; Nuwamanya et al., 2014) , modify lipid packing order and reduce fluidity of plant membranes (Sharma, Jha, Dubey, & Pessarakli, 2012) . The changes in phenolic content result in increased antioxidative power (Fürstenberg-hägg et al., 2013) via protein denaturation (Ncube et al., 2012) and lead to decreased nutrient availability (Stevens, Waller, & Lindroth, 2007) . Temperature and moisture stress also not only affect cell water potential (V m ) as a result of xylem pressure (Ncube et al., 2012) but alter antioxidative properties of plants (Lemoine, Burkepile, & Parker, 2014; Ncube et al., 2012) . This occurs through chelating transition metal ions, direct scavenging of molecular species of active oxygen, trapping the lipid alkoxyl radical and lipid peroxidation (Apak, Özyürek, Güçlü, & Çapanoʇlu, 2016) . The changes that occur in the amounts of phenolic, tannin, flavonoid and antioxidative capacity reduce plant palatability and defense to insect pests (Stevens et al., 2007) . In cassava, the quantitative extent to which phenolic content and antioxidative capacity responds to changing abiotic conditions, its effect on natural plant-insect interactions and resistance, is however, still poorly understood (Tylianakis, Didham, Bascompte, & Wardle, 2008) . Information on the effect and adaptability that simultaneous B. tabaci feeding, temperature and rainfall changes have on phenolic content and antioxidative capacity could bridge gaps in knowledge of cassava resistance to B. tabaci.
The ultimate goal in breeding for cassava resistance to pests is the possibility of developing varieties that have relative resistance to B. tabaci adapted to a wide range of environments (Alicai et al., 2016) , forming a basis of an integrated approach to B. tabaci control and ACMD control. The objective of the study focused on assessing genotype × environment interaction (GEI) and Bemisia tabaci effect on tannin, flavonoid, total phenolic concentration and antioxidative capacity.
Material and Methods

Plant Materials and Study Sites
Fifteen cassava genotypes previously screened for resistance to whitefly, of which nine were resistant and six susceptible, were obtained from National Crop Resources Research Institute (NaCRRI) under the cassava breeding program in Uganda. UG 120133, UG 120191, UG 120251, UG 120293, CS1-144, UG 120257, UG 120124, UG 120291 and UG 120160 were resistant. UG 130068, UG 130075, UG 130038 and UG 120001 were susceptible. NAM 130 and NASE 13 were the resistant and susceptible controls respectively. The genotypes were assessed for two consecutive seasons, 2016A (January-July-Season 1) and 2016B (July-January-Season 2). The study was conducted at three locations (Namulonge, Kamuli and Kasese) ( Table 1 ). The locations represented whitefly hot spot areas (Adriko et al., 2011) and belong to different agro ecological zones (AEZ) (Caffrey et al., 2013) . Namulonge is located in Central Uganda (32°37′N; 0°32′E), receives rainfall ~1200 mm/year at altitude 1150 m asl. (Tukamuhabwa, Oloka, Sengooba, & Kabayi, 2012) and belongs to lake victoria crescent and mbale farmlands AEZ. Kamuli is located in Eastern Uganda (33°06′N; 0°55′E), receives rainfall of 1130 mm per year at an altitude 1350 m asl. (Paparu et al., 2017) and belongs to southern and eastern lake kyoga jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 8; basin AEZ. Kasese is located in Western Uganda (30°05′N; 0°11′E), receives rainfall of ~1600 mm/year and at altitude 920 m asl. (Kayondo et al., 2017) and belongs to western medium-high farmlands AEZ. Note. Max: maximum; Min: minimum; LSD: least significant difference at 5%; °C: Degrees celcius; mm: millimeters.
Experimental Design
The genotypes were planted in a randomized complete block design (RCBD) with three replications in three locations for two seasons. The first planting was done using 1-2 cuttings per hole, in December, 2015 and the second in June, 2016. Each plot measured a total of 70 m 2 , consisting of 15 rows of 5 m long and 1m apart with intra row spacing of 1 m with 2 m between replications. Regular weeding of the fields till maturity were done with a hand hoe.
Data Collection
All the plant data were collected from three tagged plants randomly selected per row per plot. The following data was collected on the top five fully expanded apical leaves; nymph count, whitefly count (Bellotti, 2002 ) and a leaf damage score (Bellotti & Arias, 2001 ) recorded monthly for six months in each experiment.
Total phenolic content (TPC), tannins, flavonoids and antioxidative capacity were analyzed on 2-7 leaves and petiole sap of the same leaves per plant per genotype sampled monthly for the two seasons. The leaves were weighed using an electronic scale and placed in a ziplock bag. Petiole sap was collected between 07:30 am-12:00 pm (HoRTUS Technical, 2017) directly into a 1.5 ml vial which had 0.5 ml of 0.1 M phosphate buffer to prevent the coagulation of the sap due to the development of P-protein which enhances callose development (van Bel, 2006) . The leaf and sap samples were immediately placed in ice boxes at 4 °C and later placed in a refridgerator at -20 °C (HoRTUS Technical, 2017) .
Temperature data measured from a U-shaped thermometer and rainfall amounts based on rain gauge readings, were collected monthly from meteorological stations in the three respective locations (Namulonge, Kamuli and Kasese). The means of temperature (maximum and minimum) and rainfall across the locations are presented in Table 1 .
Total Phenolic Content Determination
A 50 mg leaf sample was homogenized with distilled water to obtain aqueous extract. 200 μL of extract (1 mg/ml) was collected in a test tube and made up to 3 ml with distilled water. The mixture was sonicated for 5 minutes using an orbital shaker to obtain a homogenized solution. Centrifugation was done at 600 rpm for 10 minutes. To 200 ml of the supernatant taken in a test tube, 0.5 ml Folin-Ciocalteu reagent were added. Then, after 3 minutes incubation at 24 °C, 2 ml of 20% (w/v) sodium carbonate solution was added and the test tube was covered with aluminum foil and incubated in a hot water bath at 40 °C for 60 minutes. A blank was prepared using the same procedure but replacing the plant extract with an equal volume of water. The absorbance of the sample was determined using a UV visible spectrophotometer (Biowaveii+, Cambridge, England) at 650 nm . The standard curve of gallic acid was obtained using the same procedure (Maksimović & Živanović, 2012) . Total phenolic content was expressed as g of gallic acid equivalents (GAE) per ml, which was calculated using the formula, y = 5.3243 x − 0.0183, where, y was the absorbance at 650 nm and x, the amount of gallic acid equivalent (g/ml).
Total Tannin Determination
A 100 mg leaf sample was placed into a 2 ml eppendorf tube, where 0.5 mls of 5% ascorbic acetone solution was added to dissolve leaf precipitate and placed on an orbital shaker for 20 minutes. To remove pigments, 0.5 mls of petroleum ether containing 1% acetic acid was added and left on the bench until it all evaporated then 0.3 mls of distilled water was added and centrifuged for 10 minutes at 1,000rpm followed by adding 2.4 ml of 5% hydrochloric acid (HCL)-butanol solution.
Each content in the tube was run through 240 mm filter paper and 0.5 ml of the filtrate was made up to 1ml with distilled water in a conical flask. 0.5 ml of folin ciocalteau reagent was added and mixed with 2.5 ml of 20% sodium carbonate solution and mixed. 0.1 mls of the mixture was then incubated at 80 °C for 1 hour and 20 minutes and the samples were cooled to 24 °C and spectrophotometric readings were taken at 550 nm (Harborne, 1998) . A similar procedure was followed for the sap samples. A standard graph was constructed using tannic acid as a standard (Singh, Srivastava, & Sahu, 2004) , where, Y = 10275x + 0.0605; R² = 0.977. The total tannin content was expressed as g/ml (Anbuselvi & Balamurugan, 2014) .
Total Flavonoid Content Determination
A leaf sample (50 mg) was homogenised with 2 ml of 0.1 M ice cold phosphate buffer at a pH = 7.5. Fifty microliter of the leaf extract was made up to 1 ml with methanol and 4 ml of distilled H 2 O; followed by 0.3 ml of 10% (w/v) aluminium chloride (AlCl 3 ) solution after 5 minutes of incubation at 40 °C, and then the mixture allowed to stand for 6 minutes (Zhang, Ye, Lin, Zhou, & Zeng, 2009) . Thereafter, 2 ml of 1 M NaOH solution was added and brought to a final volume of mixture of 10 ml with double distilled water. The mixture was allowed to stand for 15 minutes at 24 °C and absorbance measured at 510 nm, using UV-visible spectrophotometer. A calibration curve of quercetin was obtained for concentrations ranging from 0.002 to 0.0014 g/ml and the total flavonoid content of each extract was expressed as g of quercetin equivalents (QE) per ml. The curve was calculated using the formula, y = 293.64x + 0.0746, where, y is the absorbance at 510 nm and x, the amount of quercetin equivalent (g/ml) (Kumar & Jain, 2015) .
Antioxidative Capacity
Antioxidative capacity was determined using Ferric reducing antioxidant potential (FRAP) with modifications (Ahmed, Khan, & Saeed, 2015) . Plant material was extracted using 50% aqueous methanol and then centrifuged (PrismaR, Edison, New Jersey, USA) at 1000 rpm for 20 minutes to separate residues from supernatant. 0.1 ml of the supernatant was added to a test tube, followed by 2.5 ml of 80% phosphate buffered saline (PBS). Thereafter, 2.5 ml of 1% potassium ferricyanide was added and the solution incubated for 20 minutes at 50 °C. 2.5 ml of 80% phosphoric acid was then added to the solution. The sample was centrifuged at 10,000 rpm for 10 minutes and 5 ml of supernatant was transferred into a fresh tube and 5ml of distilled water was added, followed by 1 ml of 0.1% ferric chloride. The sample was mixed well and absorbance read at 700 nm (Apak et al., 2016) . In this assay, the presence of reducers (i.e., antioxidants) causes the reduction of the Fe 3+ /ferricyanide complex to the ferrous form. The formation of blue-colored ferrous tripyridyltriazine complex (Fe 2+ -TPTZ) was measured at pH 3.6 spectrophotometrically (Apak et al., 2016) .
Ascorbic acid was used as a standard with a stock solution of 5000 mg/L prepared in distilled water, from which dilutions were made ranging from 25 mg/L to 500 mg/L. A blank was run using the same procedure but contained an equal volume of methanol in place of the plant sample. The antioxidative capacity was recorded as g of ascorbic acid equivalents (AAE) per ml (Kumar & Jain, 2015) .
Statistical Analysis
Analysis of variance for each season and each location was conducted using the linear model in Genstat 12.0. The linear Equation used was (Ntawuruhunga & Dixon, 2010) ,
Where, Y was the response in terms of whitefly count, nymph count, damage, sooty mold, tannin flavonoid, total phenolic content and antioxidative capacity of the j th replication of genotype "i" in environment "k"; = overall mean of the responses; G i = genotype effect; E j = environment effect; GE ij = interaction effect; E ijk = experimental error.
A combined analysis of variance was done on the genotypes' nymph, whitefly count, leaf damage, sooty mold, tannin, flavonoid, total phenolic content and antioxidant activity across three locations and two seasons using linear mixed model (Restricted Maximum Likelihood-REML) procedure in GenStat 12.0 software (Kerchev, Fenton, Foyer, & Hancock, 2012) . A model described by Hongyu, García-Peña, Araújo, and Santos Dias (2014), was used as follows (Hongyu et al., 2014) ,
To test the significance of variation due to genotypes, locations, seasons, replications, blocks genotype × location, genotype × season, location × season and genotype × location × season interactions, a mixed model, with genotypes and locations as fixed effects and seasons and experimental error as random effect was assumed (Ntawuruhunga & Dixon, 2010) .
Nymph, whitefly count and damage means were separated using Fisher's Least Significant Difference (LSD) test at 5% probability level. Correlation and regression analyses was performed and the relationships among whitefly count, nymph count, leaf damage, sooty mold and genotypes as well as environments were assessed. The interrelations of changes in metabolite levels of tannins, flavonoid and antioxidant activity at varying environmental (temperature and rainfall) conditions and leaf damage were evaluated.
A combination of each location (L = 3) and a season (S = 2) constituted a single environment, however, the months with varying temperature and rainfall conditions and were considered as 6 different environments for AMMI analyses giving a total of 18 test environments.
The AMMI model combined two methods: analysis of variance and singular value decomposition in a unique model, additive components for the main effects of genotypes (g i ), environments (e j ) and multiplicative components for the interaction effect (ge) ij (Adjebeng-Danquah, Manu-aduening, Gracen, Asante, & Offei, 2017). The model equation used for the i-th genotype in the j-th environment in r blocks (replications) was (Adjebeng-Danquah et al., 2017) ,
With components as described by Hongyu et al. (2014) , where Y is the phenotypic trait (e.g. leaf damage) of genotype. AMMI stability value (ASV) (Purchase, Hatting, & van Deventer, 2000) was used to quantify and rank genotypes according to antioxidative capacity stability as the AMMI model does not make provision for a quantitative stability measure. The ASV was calculated as follows (Purchase et al., 2000) , AMMI stability value = AMMI stability value = IPCA 1 sum of squares IPCA 2 sum of squares IPCA 1 2 + IPCA 2 2 (4)
Results
Cassava Leaf Responses to Bemisia tabaci by Location, Season and Genotype
The results of the analyses of variance for all the traits tested are presented in Table 2 . The locations and seasons significantly (P < 0.001) differed for all the traits recorded and (P < 0.01) for flavonoid and antioxidative capacity across seasons. Genotypes significantly (P < 0.001) differed for all traits. The varying conditions across months significantly (P < 0.001) influenced total phenolic concentration and antioxidative capacity, (P < 0.01) for leaf damage and flavonoid concentrations and (P < 0.05) leaf tannin concentrations.
Location and genotype interactions were significantly (P < 0.001) different for nymph count, whitefly count, flavonoid, total phenolic content, antioxidative capacity and (P < 0.01) for leaf damage and tannin. Season and genotype interactions had significant (P < 0.001) differences for nymph count, whitefly count, sooty mold, flavonoid, total phenolic content and antioxidative capacity, (P < 0.01) for leaf damage and (P < 0.05) for tannin. There were significant P < 0.001 interaction effects among genotypes, locations and seasons on whitefly count, flavonoid, total phenolic concentrations and antioxidative capacity, (P < 0.01) for nymph count and P < 0.05 for leaf damage and tannin concentrations. Genotypes, locations and months interactions showed significant P < 0.001 differences for flavonoid, total phenolic and antioxidative capacity and (P < 0.01) for cassava leaf damage and tannin concentration. Note. df: degree of freedom; *** significant at P < 0.001; ** significant at P < 0.01; * significant at P < 0.05; CV: coefficient of variation.
The results of the mean values of all traits in three locations across two seasons are presented in Figure 1 . In Namulonge, ( Figure 1A) 1D ), compared to NASE 13, UG 120001 and UG 130038 with leaf damage values of 1.66, 165 and 1.62 whereas NASE 13 and UG 130075 had sooty mold scores of 0.77 and 0.73 respectively. CS1-144 had the highest tannin content (0.68 g/ml) ( Figure 1E ) and antioxidative capacity (0.96 g/ml) ( Figure 1H ) compared to NASE 13, UG 120001 and UG 130068 all with the least concentration of tannin (0.1 g/ml). UG 130038 and UG 130075 had the least antioxidative capacity (0.04 g/ml). UG 120133 had high amounts of flavonoids (0.66 g/ml) ( Figure 1F ) and total phenolics (0.92 g/ml) ( Figure 1G ) while UG 130075 recorded least flavonoid and total phenolic content (0.03 g/ml and 0.04 g/ml) respectively.
In Kamuli, resistant genotype CS1-144 recorded lowest nymph count (24.56), whitefly count (30.59) and sooty mold (0.11), as compared to susceptible UG 130075 with values of 68.91, 62.04 and 0.64 respectively. UG 120133 had the least leaf damage (0.34), while UG 130038 had the highest score (1.24). UG 120160 had highest amounts of tannin (0.85 g/ml) while the susceptible control, NASE 13 as well as UG 130038 recorded the lowest tannin quantities (0.17 and 0.19 g/ml) respectively. CS1-144 had highest concentrations of flavonoid (0.86 g/ml), total phenolic (0.91 g/ml) and antioxidative capacity (0.86 g/ml). UG 130038 was among susceptible genotypes with lowest quantities of flavonoid (0.03 g/ml), total phenolic (0.04 g/ml) and antioxidative capacity (0.04 g/ml).
In Kasese, UG 120160 had the least number of nymphs (50.89) except for NAM 130 and UG 130068 with highest nymph counts (116.07 and 115.54) respectively. CS1-144 had the least number of whiteflies (40.71), highest flavonoid concentration (1.34 g/ml), total phenolic content (1.42 g/ml) and antioxidative capacity (1.36 g/ml). UG 120124 recorded the least leaf damage score (0.44). UG 130068 recorded the highest whitefly numbers (83.33), leaf damage (2.27), sooty mold (1.21), least flavonoid (0.05 g/ml), total phenolic content (0.05 g/ml) and antioxidative capacity (0.04 g/ml).
jas.ccsenet. Vol. 10, No. 8; value of flavonoid concentration (1.05 g/ml) among all the genotypes in season one compared to season two and had lowest number of whitefly in both seasons. In both seasons, UG 120124 a resistant genotype had the highest tannin concentration (0.46 and 0.45 g/ml) in season one and two respectively, total phenolic content (0.60 and 0.58 g/ml) and antioxidative capacity (0.53 and 0.51 g/ml). Susceptible UG 130038 had the least tannin of 0.21 g/ml and 0.23 g/ml in season one and two respectively while UG 130075 had 0.04 g/ml for total phenolic content in season one and two respectively and 0.05 and 0.04 g/ml for antioxidative capacity in season one and two respectively. Note. LSD: least significant difference at 5%.
Additive Main Effects and Multiplicative Interactions Analysis of Traits Measured
The AMMI analysis of variance for nymph count, whitefly count, leaf damage, sooty mold, tannin, flavonoid total phenolic content and antioxidative capacity, of the 15 genotypes tested in three locations and six months (18 environments) is shown in Table 4 . The interaction terms of IPCA1 and IPCA2 were significantly P < 0.001 different at for nymph count, leaf damage, flavonoid, total phenolic content and antioxidative capacity. The first linear interaction term (IPCA1) of the AMMI antioxidative analysis, accounted for 88.8% of the GxE sum of squares, and the second accounted for 6.79% using 30 and 28 degree of freedom (df) respectively. The two first bilinear terms accounted for 95.59% of the G×E sum of squares and used 58 of the 238 df available in the interaction. Genotypes, environments and GEI as treatments explained 67.3% for tannins, 84.81% for flavonoids, 86.15% for total phenolic content and 84.5% for antioxidative capacity of the total variation. The genotypes explained 46.3% for tannins, 53.02% for flavonoids, 48.86% for total phenolic content and 58.5% for antioxidative capacity while the environment explained 11.5%, 19.62%, 23.7% and 17.9% for tannin, flavonoid, total phenolic content and antioxidative capacity respectively. The Genotype by Environment interactions (GEI) at significance P < 0.001 explained 17.1% for nymph count, 6.1% for sooty mold, 12.19% for flavonoid, 13.5% for total phenolics, 8.1% for antioxidative capacity, at P < 0.05 explained 8.6% for whitefly count, 9.7% for leaf damage and 9.5% for tannin. Note. * significant at P < 0.05; ** significant at P < 0.01; *** significant at P < 0. Note. * Significant at P < 0.05; ** Significant at P < 0.01 (two-sided test).
The results of a multiple linear regression analysis to predict the overall contribution of traits measured to leaf damage are presented in Table 7 . The antioxidative capacity showed significant (P < 0.001) negative association to leaf damage (β = -0.59) and R 2 = 0.228. The total phenolic content was significantly (P < 0.01) negatively related to leaf damage (β = -0.364) and R 2 = 0.117. The antioxidative capacity predicted lower leaf damage more, based on higher negative regression estimate (β = -0.59), as compared to maximum, minimum temperature and rainfall with β = 0.154, β = 0.066, β = -0.002 respectively. The total sample correlation coefficient was r = 0.81 and indicated 65.61% of the leaf damage was accounted for by the whitefly count, antioxidative capacity and temperature. The interaction effects implied that B. tabaci and secondary metabolite concentrations depended on climatic conditions in different locations, in particular seasonal temperature and rainfall variations (Table 1) . According to Ballhorn et al. (2011) , growing conditions influence the genotypes producing metabolite variations due to differing function and expression of genes regulating the traits. Similarly, temperature and rainfall variations were reported to affect plant response to whitefly (Bemisia tabaci) and plant secondary metabolites across environments in aspen juvenile trees (Jamieson et al., 2017) . Further, in agreement with Mtunguja, Laswai, Kanju, Ndunguru, and Muzanila (2016) although GXE had significant effects for cyanide content in cassava varieties in different environments in Tanzania, genotypes had the highest significant effect.
The mean variation among genotypes for all the traits across Kamuli, Kasese, and Namulonge (Figure 1) showed that although all three locations were whitefly hotspots, the genotypes responded differently due to varying locational factors. In particular, Namulonge and Kasese which were at lower altitudes compared to Kamuli, had higher temperatures (Table 1) , recorded the lowest mean leaf damage and highest antioxidative capacity in genotypes such as CS1-144. Burns et al. (2012) reported that different cassava genotypes behaved differently for cyanide in different locations in Mozambique. Further, the findings are in agreement with Caffrey et al. (2013) , who reported similar temperature differences among locations in Kamuli, Kasese and Namulonge. Increase in altitude is documented to lower atmospheric temperatures (Caffrey et al., 2013) and that for every 100m increase in altitude there is a 0.7 °C decrease in temperature (Linacre & Geerts, 1997) . According to literature, low temperatures reduce whitefly action due to decreased cellular activity, increase plant antioxidants which further decrease insect movement, feeding and reproduction (CIAT, 2011).
The mean value of all traits among the genotypes varied across seasons (Table 3) . Concentrations in total phenolics and antioxidative capacity were highest among some genotypes such as UG 120124 and UG 120133 in season one than season two due to higher season one maximum and minimum mean temperatures ( Elevated temperatures increase the production of metabolites in plants, through the activation of catalytic enzymes which are part of the phenolic and antioxidative capacity pathways (Hasanuzzaman et al., 2009 ). The average rate of enzymatic reactions involved in antioxidative capacity increases twofold with every 10 °C increase in temperature (Matilla, 2012) .
Further the genotypes showed that with high mean temperature, a corresponding increase in nymph, whitefly count and leaf damage occurred. Concomitant increase in flavonoid, tannin, phenolics and antioxidative capacity in genotypes such as UG 120251 suggested the antioxidative role played in protecting plants against high temperature effects as reported by Pisoschi, Pop, Cimpeanu, and Predoi, (2016) .
Stability Performance of the Genotypes, Environmental Factors and Secondary Metabolites
The significance of genotypic and environmental variances of the metabolites in the AMMI analysis (Table 5) indicated that resistance is a complex polygenic trait influenced by both genotype and environment factors. The results implied that genotype rankings across environments changed due to the variation in correlation between the genotype and phenotype, making it difficult to select superior genotypes across environments thus most genotype recommendations would be made for specific environments. Metabolite variances have been reported to occur due to plants detecting and responding to specific environmental signals via various pathways including increase in antioxidative capacity (Huber & Bauerle, 2016) . Similar results were reported in wheat where genotype and environment were significantly affecting flavonoid, phenolic and antioxidative capacity (Shamloo et al., 2017 ).
In the current study, the contribution of the genotypes to the total variation was higher than the effect of the environment and genotype by environment interactions (GEI) for all metabolites tested, leaf damage and sooty mold except for nymph and whitefly count (Table 5 ). The genotypes were diverse and caused the greatest variation in metabolite traits measured, indicating presence of additive gene action. The implication of the results were, that if judicious selection among these genotypes was made, significant genetic gains could be feasible and provide an opportunity for remarkable improvement among the traits. The results agree with work conducted on tomato where metabolite-mediated resistance to B. tabaci was more controlled by genotypic factors (Van Doorn & Vos, 2013) .
The environmental effects being higher for variations in nymph and whitefly count can be attributed to high temperatures increasing numbers of B. tabaci activity via stylet piercing the cassava leaves causing high cell injury observed as leaf damage and triggers plant metabolite changes (Table 4) . The behavioral response of B. tabaci to environment is also reported by CIAT, (2011). Further, a high explained environmental variance of 23.7% and 22.9% in total phenolic content and antioxidative capacity respectively ( Table 5 ), suggested that with polygenic action of the various pathways leading to antioxidative capacity, environmental factors are likely to play a part in affecting response. The higher insect feeding, for example, in Kamuli led to increased concentrations of total phenolic and antioxidative capacity. Leaf injury has been reported to activate the phenylalanine (PAL) pathway, eventually releasing high amounts of tannins, total phenolics and increasing antioxidative capacity (Kerchev et al., 2012) . This confirms that changes in multiple environmental factors may interact with plants, potentially resulting in additive (Carriero et al., 2016) , synergistic (Zhang et al., 2009) or antagonistic (Kivimäenpää, Ghimire, Sutinen, HaIkio, Kasurinen, & Holopainen, 2016 ) effects on plants and insects.
The rankings in AMMI showed the first four genotypes that were stable for antioxidative capacity in various environments (Table 5 ). The most stable genotypes with least ASV scores were UG 120257, UG 120191, UG 120251 and UG 120124 with a high mean antioxidative capacity of 0.629 in Namulonge. Genotypes CS1-144, UG 120133, NAM 130, and UG 120191 had least stability with mean antioxidative capacity of 0.545 in Kamuli. The least stable environment was in Kamuli (Figure 2 ) which can be atttributed to higher difference between the maximum and minimum temperature across seasons of 29.84 °C than that of Namulonge (25.31 °C) and Kasese (24.73 °C). Similar rankings have been used in a GXE study of shootfly in sorghum (Aruna et al., 2011) .
A selection of resistant genotypes was made on adaptability of genotypes based on mean genotypic performance (Table 3) , the first interaction principal component axis (IPCA1) (Figure 2 ) and stable genotypes based on ASV (Table 5) . Five genotypes CS1-144, UG 120291, UG 120124, UG 120257 and UG 120160 were thus identified. The genotypes exhibited consistent performance, stability and adaptability across the two seasons and three locations. The possibility of selecting genotypes that are stable within a wide range of environments is due to genomes rapidly responding by selectively regulating the expression of specific genes (Okoth, Rose, Sila, & Viljoen, 2017) in response to environmental changes (Hasanuzzaman et al., 2009) . The results agree with Ballhorn et al. (2011) , where similar selections were made in lima bean studied for biochemical (protein, HCN) responses infested with bean beetle under altered abiotic factors.
Cassava Interactions and Defense Mechanisms Associated to Bemisia tabaci and Abiotic Factors
The correlation analysis (Table 6) showed that tannin, flavonoid, and total phenolics were highly associated (r = 0.272, r = 0.895 and r = 0.83 respectively) with the antioxidative capacity. The correspondence leads to the conclusion that total phenolics (flavonoids, tannins) possess and contributed to high antioxidative potential. There was a negative correlation between tannin, flavonoid, total phenolic content and antioxidative capacity with whitefly count (r = -0.119, r = -0.156, r = -0.142 and r = -0.181) respectively and similar negative association with leaf damage (r = -0.438, r = -0.327, r = -0.497 and r = -0.667) respectively. The results illustrated that phenolics affect B. tabaci numbers and feeding as shown in CS1-144 where increase in total phenolics reduced whitefly count and leaf damage and vice versa in UG 130075 (Figure 1 ). According to Bennet and Wallsgrove (1994) , phenolics act as enzyme inhibitors and feeding deterrents for insect herbivores while providing resistance against pathogens, through a possible reduction in plant nutrient content as reported by Kumar, Bohra, M. Pandey, and K. Pandey (2017) .
The high regression values (Table 8 ) obtained for total phenolic content and antioxidative capacity with R 2 = -0.117 and R 2 = 0.228 respectively, reaffirm that total phenolics and antioxidative capacity were associated more to leaf damage. Reason being in plants, phenolics can act as antioxidants as reported by Sakihama, Cohen, Grace, and Yamasaki (2002) through donating electrons to guaiacol-type peroxidases for the detoxification of H 2 O 2 produced under stress conditions such as leaf damage. The results are in agreement with findings conducted on Adiantum caudatum leaves, where a high antioxidative capacity was recorded in aqueous extract and associated to high phenolic content (Ahmed et al., 2015) . The relationship of antioxidative capacity to leaf damage, implied the metabolite use as an early complementary measure for plant resistance to B. tabaci (Kimmins et al., 2005) .
In this study, maximum temperatures had high regression coefficient (R 2 = 0.124) in relation to leaf damage, which indicated increased B. tabaci activity (Table 3 ). The increase in temperature has been reported to increase activity and B. tabaci feeding due to a high insect energy level requirement inducing high metabolic rates and
